Several concepts for heliospheric missions operating at heliocentric distances far beyond Earth orbit are currently investigated by the scientific community.
Introduction
In this study, we investigate basic requirements for Energetic Neutral Atom (ENA) instruments on a spacecraft headed for heliocentric distances beyond Mars orbit for the ENA energy range between 10 eV and 100 keV. An ENA is produced when an ion of a plasma population exchanges its charge with an ambient neutral atom (Roelof et al. 1985; Gruntman et al. 2001) . The resulting ENA leaves its source region on a ballistic trajectory, no longer influenced by electromagnetic fields. This allows an ENA camera to image the ion distribution of remote plasma regions (Wurz 2000; Fahr et al. 2007 ).
Because of its remote sensing character, ENA imaging is an indispensable method to derive a global view of the heliosphere. The heliosphere is the vast plasma region of the solar wind expanding against the surrounding interstellar medium (ISM). The ISM flows past the heliosphere at roughly 25 km s −1 (McComas et al. 2015) . This relative flow speed defines an upwind and a downwind direction in the heliosphere. The outer plasma boundary between the solar wind and the ISM is called the heliopause. The two Voyager spacecraft have crossed this boundary in upwind direction at roughly 120 au from the Sun (Stone et al. 2013) . The heliosphere itself is divided by the termination shock (Burlaga et al. 2005 (Burlaga et al. , 2008 into an inner region of supersonic solar wind and an outer region of shocked solar wind (the inner heliosheath). Our current knowledge or lack thereof of the heliosphere is illustrated by the artist's impression in Fig. 1 : the shape and dimension of the heliosphere in the downwind hemisphere are unknown (see Section 2.1), and the existence of a bow wave or a bow shock in the ISM approaching the heliopause is still a matter of debate (McComas et al. 2012; Zank et al. 2013; Scherer and Fichtner 2014) . Our knowledge about the heliosphere owes a lot to in-situ plasma measurements and remote ENA imaging performed at 1 au (see Section 2.5), but some questions about the global heliosphere shape, plasma populations and pressure balances beyond the termination shock may be impossible to answer with observations restricted to the inner solar system.
A NASA-funded study currently investigates the scientific and technical requirements for an Interstellar Probe with the goal of reaching 1000 AU within 50 years. The science targets include exploration of the heliosphere and its interaction with the ISM, characterization of the circum-solar dust disk, exploration of Kuiper Belt Objects, and astronomical observations in the infrared wavelength range beyond the zodiacal cloud (McNutt et al. 2018; Brandt et al. 2019 ). On a similar note, the China National Space Administration is investigating a mission scenario in which two "Heliospheric Boundary Explorers" would be launched towards the upwind and towards the downwind direction of the heliosphere, respectively, to reach 100 au distance by 2049 (Zong 2018) . For ESA's Cosmic Vision, the Local Interstellar Medium Observatory (LIMO) was proposed to accurately sample the interstellar neutral gas and dust and to measure heliospheric ENAs at 1 • angular resolution at a heliocentric distance of 3 au, thus avoiding many complications introduced by solar gravity and radiation closer to the Sun (Barabash et al. 2019) .
A spacecraft at great heliocentric distance obviously allows for many new groundbreaking measurements in addition to ENA imaging. In this study, we limit ourselves to the prediction and discussion of heliospheric ENAs: we have integrated the existing measurements of heliospheric ENAs from the heliosheath and beyond into a simple empirical model. This allows us to make some predictions for an ENA instrument onboard a spacecraft at heliocentric distances beyond Mars orbit. Interstellar neutral (ISN) He, H, and other ISN species flowing into the heliosphere (Müller & Zank 2004; Witte 2004; Möbius et al. 2012; Rodríguez et al. 2012; Saul et al. 2012; Kubiak et al. 2014; McComas et al. 2015; Park et al. 2016; Galli et al. 2019) could also be measured with ENA cameras such as IBEX-Lo (Fuselier et al. 2009) or with a mass spectrometer (Barabash et al. 2019) . However, we have to relegate questions about ISN observation strategies to a future publication because our heliosphere model currently does not include ISN trajectories. The ISN hydrogen is just modeled as a static density relevant for ENA sources and losses. Measuring ISN will be an important goal for a heliospheric mission bound to heliocentric distances beyond 1 au: the effects of the Sun's gravity, solar wind pressure, and ionization rates drop with the square of the distance to the Sun, thus ISN measurements at several au or beyond will closely resemble the ISN at the heliopause in terms of energy, direction, and composition. A fast moving spacecraft (≥ 25 km s −1 ) must be heading to a vantage point in the upwind hemisphere to seize this opportunity for ISN sampling.
The empirical model of heliospheric ENAs
We have created a simple empirical model to predict the differential intensity j ENA (in units of cm −2 sr −1 s −1 keV −1 ) of heliospheric ENAs an ENA camera would observe for any given location and viewing direction. The fundamental ENA equation, (Swaczyna et al. 2017 ). This He signal is two orders of magnitude weaker than typical H ENA intensities at 1 au and has not been observed yet, but it should be detectable with the future IMAP-Hi instrument (Swaczyna et al. 2017; McComas et al. 2018) . The long cooling length of keV helium ions in the heliosheath would make He ENAs ideally suited to probe the far heliosheath (Swaczyna et al. 2017) .
We also assume that the hydrogen ENAs are moving along straight lines as soon as they have been created. Gravity forces and the influence of solar UV radiation and solar wind are therefore neglected. This is acceptable as long as we consider only ENAs with energies of at least 100 eV or heliocentric distances greater than 1 au. The sum of these effects would change the observed energy of 100 eV ENAs observed at 1 au by less than 10% and the deflection angle relative to the original trajectory would be at most 1 • at 1 au for 100 eV ENAs (and even smaller for higher energies) for any solar wind conditions (Bzowski 2008) . For a 20 eV ISN H atom traveling towards the Sun, deviations from a straight trajectory become notable only for heliocentric distances less than 3 au for any solar conditions ).
Finally, neutral species other than hydrogen could in principle also neutralize protons.
However, helium as the most abundant non-hydrogen species has a density of only n He ≃ 0.01 . . . 0.02 cm −3 everywhere inside and beyond the heliopause (Gloeckler et al. 2004; Müller & Zank 2004 ). This is one order of magnitude less than n H . Because the charge-exchange cross-section for the reaction H + + He → H * + He + is also at least one order of magnitude smaller than for H + + H → H * + H + at all energies below 10 keV (Barnett 1990; Lindsay & Stebbings 2005) , the neutral helium would only have to be considered for ENAs of energies exceeding 100 keV.
In the following, we will present how we implemented the individual terms in Equation 1 and their underlying assumptions in more detail:
Heliospheric shapes
First, we must define closed three-dimensional shapes for the termination shock and for the heliopause to decide which local ion populations to consider for the line-of-sight integration in Eq. 1. Whether a bow shock forms around the heliopause or not is still debated (McComas et al. 2012; Zank et al. 2013; Scherer and Fichtner 2014) , but is irrelevant for our current model.
Our shape of the termination shock conforms to the observational constraints from Voyager 1 and 2 (they crossed the termination shock toward upwind direction at heliocentric distances of 94 and 83 au (Burlaga et al. 2005 (Burlaga et al. , 2008 ) and are consistent with IBEX ENA spectra (see Schwadron et al. (2011); Reisenfeld et al. (2016) ; Galli et al. (2016) ). We model the termination shock as an ellipsoid whose center is shifted with respect to the Sun:
The dimensional parameters read (in au) a e = 100, b e = 100, c e = 120, x e = −15, y e = 0, and z e = 0, which implies heliocentric distances towards the poles of 120 au and 85 au (upwind) and 115 au (downwind) in the xz-plane.
Throughout this paper, we use spherical coordinates with longitude ϕ, latitude ϑ, and heliocentric distance R. The reference frame is a rotated ecliptic coordinate system centered in the Sun: The x-axis points from the Sun to the nose or upstream direction (ϕ = 0 • , ϑ = 0 • ), corresponding to λ ≈ 256 • , β ≈ 5 • in ecliptic longitude and latitude (McComas et al. 2015) . The z-axis lies inside the plane spanned by the x-axis and the North pole of the ecliptic (i.e., 5 • offset from the ecliptic North pole), and the y-axis closes the right-handed system. An illustration of this coordinate system and the heliospheric shapes in the xz-plane are shown in Fig. 2 .
The global shape of the heliosphere outside the nose region is unknown; for an overview of the possible solutions see, e.g., Pogorelov et al. (2017) and Opher (2016) and also consider Dialynas et al. (2017) and Schwadron and Bzowski (2018) . We therefore experiment with three different heliopause shapes: they all conform with the upwind stand-off distance known from the Voyager crossings at 122 au and 119 au (Stone et al. 2013 ). Two of the heliopause shapes are ellipsoids with an offset relative to the Sun in analogy to the termination shock (also see Fahr et al. (1986) ). The dimensional parameters in Equation 2 for our case of a "small ellipsoid" heliopause read in units of au: a e = 255, b e = 358, c e = 363, x e = −140, y e = 0, and z e = 35. These parameters become a e = 510, b e = 474, c e = 480, x e = −395, y e = 0, and z e = 35 for the case of a "large ellipsoid" with an extended heliosheath region in downwind direction. In addition to these ellipsoids, we also implemented the cylindrical Parker shape for the heliopause (Parker 1961; Röken et al. 2015) :
with the standoff distance a e = 115 au at the x-axis and the cylindrical coordinates ϕ and ρ (radial distance from x-axis). The cylindrical shape and the ellipsoids are symmetric with respect to the x-axis. They can thus be characterized by their cross-sections in the
x, z-plane as illustrated in Fig. 2 . Additional geometric shapes for the termination shock or the heliopause could easily be implemented, but we will restrict the discussion in Section 3 to these three cases as they cover a wide range of possible geometries. The inner heliosheath thickness of 150 − 220 au towards the poles for the ellipsoids is motivated by Galli et al. (2016) and Reisenfeld et al. (2016) . A re-analysis of the method from Reisenfeld et al. (2016) showed that the temporal variations of ENA intensities imply a much shorter heliosheath thickness of only 50 au towards the poles (Reisenfeld et al. 2019 ). This value is consistent with the cylindrical shape (see Fig. 2 ).
Neutral densities
Inside the heliopause, we assume a constant neutral hydrogen density n H = 0.1 cm −3 . This is correct within a factor of 2 (Schwadron et al. 2011; Heerikhuisen et al. 2014; Gloeckler & Fisk 2015) and, because we scale the ion intensities in such a way as to reproduce the observed ENA intensities, the explicit value is irrelevant in our code. The same holds true for ENA sources in the outer heliosheath. Here, n H would be 0.2 cm −3 within a factor of 2 for all regions including the hydrogen wall (Müller & Zank 2004; Gloeckler & Fisk 2011; Heerikhuisen et al. 2014; Opher et al. 2016 ).
Charge-exchange cross-sections
The charge-exchange cross-section σ(E) depends on energy but is well known (Barnett 1990; Lindsay & Stebbings 2005) . We rely on the semi-empirical formula by Lindsay & Stebbings (2005) to calculate σ(E) for the reaction H + + H → H * + H + .
ENA loss processes
ENA loss processes are so far included in a crude manner: inside the heliopause, ENA losses are neglected. More precisely, the actual ENA losses amount to less than 10% for the proton densities in the inner heliosheath of n p = 10 −3 . . . 10 −2 cm −3 expected from models Pogorelov et al. 2017) . The proton distribution of our empirical model implies n p = 0.01 cm −3 with a radial plasma bulk speed u R = 100 km s −1 in the heliosheath (see Section 2.5.2).
Outside the heliopause, a constant n p = 0.1 cm −3 is assumed; heliospheric models typically predict a range of 0.05 . . . 0.1 cm −3 for the region of few 100 au beyond the heliopause (Pogorelov et al. 2017; Opher et al. 2016) . Therefore, the following ENA loss L(E) is subtracted from the ENA source term in Equation 1:
Equation 4 implies a mean free path length of 392 au for a 1 keV ENA beyond the heliopause, i.e., after that path length, the original ENA intensity has decreased to 1/e.
Proton distributions
By far the most difficult and important task for any heliospheric ENA model is to generate the full intensity distribution j p (E) of all proton populations at any given place.
Calculating the local proton density is a first step but not sufficient to predict maps of ENA intensities, because the full angular and energy distribution of j p (E) would be required. This is the main reason why we resorted to the simple empirical approach to predict ENA maps at this stage of investigation. More specifically, we defined for each of the three regions (1: inside termination shock, 2: inner heliosheath between termination shock and heliopause, 3: beyond heliopause) the parent proton populations j p (E) giving rise to observable ENAs in the energy range of interest.
Supersonic solar wind inside termination shock
Inside the termination shock, we only consider neutralized protons originating from the supersonic solar wind; pick-up ions re-neutralized inside the termination shock are neglected so far. For the solar wind parameters we assume a constant v p = 440 km s −1 (E p = 1.0 keV)
representative for low heliolatitudes (Khabarova et al. 2018 ) and n p (r) = 8 cm −3 × (1 au/r) 2 (Gosling 2007) . The energy distribution of the solar wind around the mean energy at a specific moment in time depends on heliocentric distance, heliolatitude, and solar activity.
We approximate this energy distribution J(E) with a rectangular function centered on 440 ± 80 km s −1 , based on long-term averages of Voyager 2 and New Horizons solar wind data between 11 and 31 au close to the ecliptic plane (Gosling 2007; Elliott et al. 2016) :
The angular distribution of the solar wind intensity is defined by the FWHM angle around the bulk direction of α 0 = 5 • , which corresponds to a typical solar wind temperature of 1.2 × 10 5 K (Marsch et al. 1982; Gosling 2007; Galli et al. 2013 ).
Shocked solar wind and shocked pick-up ions in the inner heliosheath
Assuming that the globally distributed heliospheric ENA flux apart from the IBEX (Galli et al. 2016 ) and disregarding any temporal or spatial variations of that signal, we can use the ENA measurements made with IBEX (Fuselier et al. 2009; Funsten et al. 2009 ), INCA, and other ENA cameras as input for j p (E). If j HS is the intensity of the globally distributed ENA signal at 100 au in the inertial reference frame, the proton intensity giving rise to these measured ENAs simply is
provided that the proton intensities inside the heliosheath are isotropic and constant along a radial line of sight from termination shock to heliopause. d TS and d HP denote the radial distances to the termination shock and the heliopause, respectively. The j HS (E) in Equation 6 is approximated as a continuous sequence of power-laws based on ENA observations as
For E = 10 to 50 eV, the power law exponent γ is 0.72 if the heliosheath proton distribution rolls over (Galli et al. 2016 (Galli et al. , 2017 , or γ = −0.43 if the energy spectrum gets flatter but does not roll over (Zirnstein et al. 2018) . For this spectrum, only ENA measurements from the upwind heliosphere direction were used whenever available. However, for energies below 500 eV we had to rely on downwind hemisphere measurements because of the very intense ISN signal appearing in the upwind hemisphere in IBEX-Lo data (Galli et al. 2014 ). The single spectrum in Fig. 3 implies that the heliospheric ENAs at solar wind energies and below can be described by a spatially uniform, globally distributed flux (GDF) except for the ENA Ribbon Galli et al. 2016 ).
The proton intensities in the inner heliosheath are modified by default by plasma loss processes. Based on the concept of a plasma cooling length l c (Schwadron et al. 2011; Galli et al. 2017 ) and a constant radial plasma bulk flow of u R = 100 km s −1 ,
we expect l c = 350 au, 166 au, and 57 au for 10 eV, 100 eV, and 10 keV, respectively. The cooling length over the full energy range from 10 eV to 100 keV is plotted in the lower panel of Fig. 3 . The plasma bulk flow speed u R is, in principle, not constant throughout the heliosheath (Zirnstein et al. 2016b ). However, these authors show that the variability between different models is as large as the modeled spatial variations. We therefore chose one global constant of u R = 100 km s −1 between the Voyager 1 (40 km s −1 ) and Voyager 2 (140 km s −1 ) speed measurement (Schwadron et al. 2011; Gloeckler & Fisk 2015) . For any u R , protons around 10 keV energies happen to have the shortest cooling length, whereas l c increases again to several 100 au for higher ENA energies. This implies that ENA energies below 500 eV or above 50 keV are more appropriate than intermediate energies to image large heliosheath dimensions (DeMajistre et al. 2018) . Hydrogen ENAs at keV or tens of keV energy are indicative of the plasma distribution just beyond the termination shock.
We implemented plasma cooling in our empirical model via Equation 8 and by assuming an exponential decrease of the local ion j p over the distance x (radial distance from local plasma region to closest point at termination shock). This results in a modified proton intensity ofj
.
The inner heliosheath thickness l HS denotes the radial distance between the termination shock and the heliopause. The dimensionless normalization factor ensures that the modified proton intensity, inserted into the basic ENA equation (Eq. 1), reproduces the observed input ENA intensity at 1 au. If the heliosheath thickness exceeds 10 l c for a specific heliosphere model (see Section 2.1), it is set to 10 l c .
Equation 9 is based on a simplification as we assume radially symmetric plasma streamlines in the heliosheath. In reality, they would be curved to some extent in the flanks and towards the poles of the heliosphere, but the predicted curvatures also depend on the specific model (see, e.g., Izmodenov & Alexashov (2015) ; Pogorelov et al. (2017) ).
Our empirical model does not contain plasma streamlines for the different heliosphere shapes, and the effect would not drastically change the predicted ENA maps anyway. Let us consider the case of largest deviations, i.e., a viewing direction towards +z for the case of the large ellipsoid heliopause and ENA energies corresponding to l c = l HS (Eq. 8): With
Eq. 9 and radial streamlines, half of the total ENA intensity from the heliosheath along the polar line-of-sight (Eq. 1) is contributed by plasma between the termination shock and 0.38 l HS within the heliosheath. Curved plasma streamlines (Izmodenov & Alexashov 2015; Pogorelov et al. 2017 ) would narrow these ENA emissions slightly, i.e., the ENA half-length would reduce to a value of (0.30...0.38) l HS . For viewing directions towards the nose and the downwind hemisphere, deviations of streamlines from radial symmetry are even smaller, and for cooling lengths much shorter or longer than the heliosheath thickness, the effect of curved streamlines on ENA maps would also become weaker.
Heliospheric ENA sources beyond the heliopause: The IBEX Ribbon
We assume that the IBEX Ribbon of increased ENA intensities around solar (2018); Dayeh et al. (2019) but also see (Sylla and Fichtner 2015) for an alternative explanation). The secondary ENA hypothesis explains the Ribbon as due to neutralized solar wind and pick-up protons cross the termination shock and the heliopause, are re-ionized and start gyrating around the interstellar magnetic field just beyond the heliopause before charge-exchanging again with the interstellar neutral hydrogen. Again, we rely on
with j Ribbon (E) = 250, 250, 200, 100, 35, 15, 4 .5, and 0 cm −2 sr −1 s −1 keV −1 for energies 0.1, 0.5, 0.7, 1.1, 1.7, 2.7, 4.3, and 6 keV, respectively, based on IBEX measurements (Galli et al. 2016; McComas et al. 2017 ). This energy spectrum is shown as the dashed-dotted line in with respect to theB * r = 0 surface as j p exp(−α 2 /(2α 2 0 )); the offset angle is defined as α = |arccos(B * r) − 90 • | and the scaling factor α 0 = 5 • is derived from the thermal spread of the solar wind (see Section 3.1.3). The Ribbon ENA intensity is set to zero whenever α exceeds a user-defined half width of 10 • . Second, the location must be adjacent to the heliopause at a heliocentric distance shorter than or equal to the sum of the heliopause heliocentric distance plus the Ribbon thickness. For the latter we assumed a global radial thickness of d Ribbon = 40 au (Swaczyna et al. 2016) . The actual heliocentric distance of the Ribbon region thus depends on the heliosphere shape and viewing direction.
To directly compare our predictions and recommended spacecraft trajectories to IBEX measurements we parameterized the ENA Ribbon as a ring-shaped emission around a symmetry axis, i.e., the Ribbon centerr Rb . The local direction of the interstellar magnetic field for a given point at the heliopause thus iŝ
The Other potential ENA sources from the outer heliosheath are neglected in this study.
For instance, the flow of interstellar plasma along the heliopause is expected to produce a narrow fan of low-energetic ENAs around the nose of the heliosphere. Judging from the analogy to the subsolar ENA jets observed at Mars with Mars Express (Futaana et al. 2006 ), we expect an integral ENA intensity on the order of 10 6 cm −2 sr −1 s −1 between the heliopause and the bow shock or bow wave. However, the energy of these ENAs would be concentrated around 3 eV (corresponding to the ISN flow speed of 25 km s −1 ) and thus cannot be readily detected with conventional ENA instruments (Wurz 2000) .
Proper motion of spacecraft
Finally, the derived integral ENA intensity at the observer may be modified by the proper motion of the observer. For the Interstellar Probe, a radial velocity of 10 to 20 au yr −1 is foreseen (McNutt et al. 2018; Brandt et al. 2019) , which translates to a spacecraft velocity of u sc ≈ 50 . . . 100 km s −1 . This is not much lower than the speed of a 100 eV hydrogen ENA in the heliosphere rest frame (v EN A = 138 km s −1 ). The resulting
Compton-Getting effect increases low-energy ENA intensities from ram direction and decreases those observed from anti-ram direction. In our model, we assume for simplicity's sake the spacecraft is moving radially away from the Sun with a user-defined speed of the spacecraft relative to the heliosphere between u sc = 0 and 100 km s −1 . The intensity of an ENA signal following a power law (Eq. 7), observed at an angle ϕ relative to the spacecraft velocity vector, is then modified by (Ipavich 1974; Roelof et al. 1976; McComas et al. 2010) :
Model implications for future heliospheric missions
The main scientific question to be answered with heliospheric ENA imaging can be formulated as follows: How does the heliosphere interact with its galactic neighborhood and what is the 3-dimensional structure of the heliospheric interface? The results of our empirical ENA model give some guidelines for an ENA imager at large heliocentric distance.
In the following, we will mostly discuss the technical requirements of an ENA instrument and assess the spacecraft trajectory most beneficial for heliospheric ENA imaging. For the latter, we will focus on the geometrical aspects, i.e., parallax effects and the opportunity to directly image plasma boundaries at large heliocentric distances. Parallax observations have already been used in the context of IBEX observations: Swaczyna et al. (2016) used parallax observations to constrain the distance of the IBEX Ribbon to the Earth. For a parallax baseline of 2R and a parallax angle 2µ, the distance to the object calculates to
Obviously, the longer the baseline 2R, the easier the parallax angle can be observed in ENA maps. For the IBEX baseline of 2 × 1 au, the observed µ = 0. • 41 implied d = 140 +84 −38 au (Swaczyna et al. 2016) . Having a longer baseline would drastically reduce this uncertainty and would thus rule out some theories about the nature of the IBEX Ribbon.
In addition to the geometrical aspects, observing heliospheric ENAs at large heliocentric distances also offers benefits in terms of lower background sources (see Section 3.1.2) and
higher ENA survival probabilities. However, lower background rates can be achieved just by moving the spacecraft from Earth orbit to the Lagrange 1 point of the Sun-Earth system, which is the approach for the upcoming IMAP mission ).
The second benefit derives from the survival probabilities of heliospheric ENAs increasing with distance to the Sun: ENAs traveling to the inner solar system may be re-ionized and their trajectories are affected by solar radiation pressure and solar gravity (Bzowski 2008; Bzowski et al. 2013 ). However, these effects are most relevant for low-energy ENAs with tens of eV. For ENAs of 100 eV or more, the survival probability to reach 1 au is at least 0.35 for any place of origin in the heliosheath (Galli et al. 2016 ).
Recommendations for ENA instrument specifications

Energy range
Each part of the heliospheric ENA energy range provides important information about the heliosphere and its plasma populations. On the other hand, every ENA energy range has its own observational challenges (Wurz 2000) . The general appearance of the heliosphere as seen in ENAs changes dramatically for different energies. Figure 4 illustrates this for 0.1, 1, and 10 keV ENAs as seen from a vantage point in the inner heliosheath at 120 au heliocentric distance in the flank region (ϕ = 90 • , ϑ = 0 • ) of a small ellipsoid heliosphere.
The protons giving rise to low energy ENAs (roughly 50 to 500 eV) dominate, by their sheer number, the plasma pressure in the inner heliosheath towards the flanks and downwind hemisphere (Galli et al. 2017 ). The pressure derived for the GDF (i.e., the heliospheric ENA signal minus the IBEX Ribbon) is dominated by the energies from 30 eV to 500 eV for any heliospheric direction (Livadiotis et al. 2013) . The physics of the heliosheath therefore can only be understood by observing ENAs in this energy range. One of the outstanding questions in this regard is whether the energy spectrum of the GDF rolls over around 100 eV (see Fig. 3 ). The answer to this question would help determine the importance of pick-up ions in the heliosheath and if the GDF indeed is produced solely by plasma sources from the inner heliosheath (Galli et al. 2017; Zirnstein et al. 2018) . Detecting low-energy ENAs at a reasonable signal-to-noise ratio is technically more challenging than for energies In any case, observing these high energy ENAs is indispensable to understand acceleration processes at the plasma boundaries of the heliosphere ).
Since the detection techniques and instruments required to measure low-energy and high energy ENAs differ strongly, at least two different ENA imagers should be foreseen to cover the full range relevant for heliospheric ENAs. One option is to rely on three ENA imagers whereby the low ENA imager serves a double function to also detect ISN (for ram observations close to Earth orbit, ISN energies range from roughly 10 to 600 eV for most common ISN species). This approach is adopted by the upcoming IMAP mission with IMAP-Lo (10 eV to 1 keV), IMAP-Hi (0.4 keV to 16 keV), and IMAP-Ultra (3 keV to 300 keV) . Another option could be to use a mass spectrometer for the ISN species and to cover the heliospheric ENA energy spectrum with just two ENA instruments (covering the ranges from 20 eV to few keV and from few keV to several tens of keV). This approach has the drawback that redundancy and energy overlap from 1 to 10 keV between the two ENA instruments might be lacking. Having overlapping energies allows for cross-calibration between different ENA instruments in space (Reisenfeld et al. 2016; McComas et al. 2017) . This is very helpful as absolute calibration of ENA instruments is notoriously difficult (Fuselier et al. 2009 (Fuselier et al. , 2012 .
Since the whole energy range is relevant, we will use the three ENA energies of 0.1, 1, and 10 keV as points of reference in the subsequent discussion of spacecraft trajectories for an ENA imager at great heliocentric distance (Section 3.2).
ENA detection limits, signal-to-noise ratio, and relative uncertainty
The recommended ENA detection limits obviously depend on the ENA energy range of the instrument as illustrated in Fig. 3 . The signal-to-noise ratio of IBEX-Lo data, e.g., turned out to be 1 to 10 for energies above 100 eV, depending on viewing direction to be not the signal-to-noise ratio or low count statistics but rather strong background sources that could not be reduced by longer integration times (Galli et al. 2014 (Galli et al. , 2016 .
These background sources can be caused by penetrating radiation, by UV light, or by ions created within the instrument that are then post-accelerated (Wurz 2000; Wurz et al. 2009; Fuselier & Pope 2005; Funsten et al. 2009 ).
Background and noise levels are very specific to a given mission and instrument design.
General signal-to-noise or signal-to-background ratios for an interstellar ENA imager therefore would have to invoke too many assumptions to serve as useful recommendations.
For the present study we rather ask the following question: What is the minimum significant change in ENA intensity if we assume an instrument measuring the ENA intensity from a given heliosphere region at an angular resolution of a few degrees (i.e., the instrument field-of-view) from two different observer positions?
A look at 10 years of IBEX measurements and data analysis is enlightening here: for IBEX-Lo, the limit for a significant intensity change is 30% for solar wind energies and increases to at least 50% for energies below 100 eV (Fuselier et al. 2012; Galli et al. 2016 ).
IBEX-Hi has better signal-to-noise and signal-to-background ratios than IBEX-Lo for energies above 1 keV; the relative uncertainty for a field-of-view sized map pixel (6 • × 6 • ) ranges between 10 and 20% Reisenfeld et al. 2016; Galli et al. 2017; McComas et al. 2017 ). If IBEX-Hi data are integrated over a larger region in the sky (see Appendix in McComas et al. (2019) ) or over several months, the relative uncertainty can be reduced to a few % for ENA energies above 1 keV (Reisenfeld et al. 2016; McComas et al. 2017 ). Based on these experiences, we will assume for the subsequent section a critical difference of 10% for all ENA energies. This is to be the minimum relative change in ENA intensity over a single map pixel identifiable by an ENA instrument on a spacecraft at large heliocentric distance.
Angular resolution
The finest spatial structures in our ENA model are currently the plasma boundaries.
Other spatial structures necessitating higher spatial resolution may exist, but they are not implemented yet in our current model. Fine structures in the IBEX Ribbon with an angular separation of a few degrees were predicted by Giacalone and Jokipii (2015) and If we assume, for instance, an angular resolution of 1 • and an ENA intensity of 100 cm −2 sr −1 s −1 keV −1 at 1 keV energy (see Fig. 3 ), we expect triple coincidence count rates of 10 −4 to 10 −3 s −1 for detection efficiencies similar to IBEX-Lo (Fuselier et al. 2009 ) and IBEX-Hi (Funsten et al. 2009 ) and a geometric factor reduced by 36 compared to the 6 • × 6 • angular resolution for IBEX. This implies that a few weeks would be enough to accumulate hundreds of ENA counts and thus to obtain a statistically solid result at 1 • resolution at solar wind energies. The limiting factor for angular resolution might again be the instrument-related background rates. In the following discussions, we will use 3 • as the default angular resolution.
3.2. Which spacecraft trajectories are most interesting for heliospheric ENA imaging?
Assuming we have one or several ENA instruments onboard a spacecraft heading to heliocentric distances beyond Earth, which trajectory is most rewarding? An actual mission concept for an interstellar probe obviously will have to balance the science cases from many different fields such as heliosphere physics, planetary sciences, and astronomy (Brandt et al. 2019 ). Here, we restrict ourselves to the question which vantage points are useful to better understand the GDF, the Ribbon ENAs, and to determine the shape of the heliosphere.
To this end, we created hemispherical ENA maps at 0.1, 1, and 10 keV from an assumed observer position anywhere inside or outside the heliosphere for any of the three heliosphere shapes. We structure the discussion of the model results the following way:
1. Spacecraft on a circular orbit close to the ecliptic plane at a heliocentric distance between 2 and 10 au (Section 3.2.1). We will neglect Compton-Getting effects on ENA intensities for all trajectories to eliminate an additional free parameter and to improve comparability between the different scenarios. Neglecting the proper motion of the spacecraft relative to the heliospheric ENAs is justified for a circular trajectory at large heliocentric distance. For a radial escape trajectory, the ENA intensities seen from Sun direction would decrease and those seen from the anti-Sun hemisphere would increase. The observed intensity would change to 0.3 and 6.7 times the inertial intensity for the lowest considered ENA energy of 100 eV and a radial spacecraft velocity of 50 km s −1 (see Eq. 12), but this would not qualitatively affect the subsequent discussion.
Spacecraft on
The Ribbon and GDF ENA sources, plasma cooling, and ENA losses outside the heliopause are included. The subsequent figures show hemispherical images of predicted ENA intensities for an observer looking back towards the heliosphere; all plots are centered on the Sun. The ENA maps around solar wind energy (1 keV ENAs) are dominated by the ENA Ribbon and the very intense direct solar wind ENA emission close to the Sun.
Circular orbits and parallaxes
We created hemispherical ENA maps for an observer close to the ecliptic plane at R = 2, 3, 5, 10 au on a circular orbit from ϕ = 0 • , 90 • , 180 • , and 270 • (ϕ = 0 • denoting the spacecraft position between the Sun and the nose of the heliosphere). The most instructive case is the comparison of the ENA maps of the upwind hemisphere as seen from ϕ = 0 • versus ϕ = 180 • , or seen from flank positions ϕ = 90 • versus ϕ = 270 • . We always assumed the large ellipsoid as heliosphere shape here, as this makes detecting parallax effects more difficult. The default angular resolution of the maps was 3 • × 3 • (see Section 3.1.3). We then calculated the relative differences in ENA intensity from the maps obtained at opposite positions around the Sun. As motivated in Section 3.1.2, we searched for pixels revealing a relative difference in predicted ENA intensity of at least 10%. We concentrated on 1 keV ENA energy to study the parallax effects both for the GDF and for the ENA Ribbon. The disadvantage of this energy is the direct solar wind signal (and in reality also the solar UV)
blotting out the part of the maps within 20 • to the Sun direction.
We found that the parallax of the Ribbon induces a 10% change in ≫ 10 pixels in upwind hemisphere maps if an observer baseline of 2 × 3 au or longer is assumed. A baseline of at least 2 × 5 au is required if the downwind hemisphere is considered instead. This holds true both for a comparison between upwind and downwind position (ϕ = 180 • and ϕ = 0 • ) and for a comparison between the flank positions at ϕ = 90 • and ϕ = 270 • . Figure 5 shows the relative ENA differences in the upwind hemisphere as seen from a circular orbit at heliocentric distances increasing from 2 au (top left), to 10 au (bottom right). For this series of plots, the maps from vantage points ϕ = 90 • and ϕ = 270 • were subtracted from each other. A baseline of 2 × 2 au, on the other hand, is only sufficient to spot the systematic parallax pattern of the Ribbon if the ENA image is acquired at a 1 • × 1 • degree resolution. This is illustrated by the comparison in Fig. 6 .
Apart from the Ribbon, parallax effects of the GDF can also be used -in a much wider energy range -to determine the dimensions of the inner heliosheath. A baseline of roughly 2 × 10 au is required for systematic differences of 10% to appear in the GDF towards the nose of the heliosphere (bottom right plot in Fig. 5 ). The relative differences in ENA intensities seen towards the flanks and poles also exceed the 10%-limit for a baseline of 2 × 10 au. These differences in apparent GDF intensities are demonstrated in Fig. 7 : it shows the differences of two ENA maps of the downwind hemisphere observed from upwind and downwind positions ϕ = 0 • and ϕ = 180 • , 10 au away from the Sun. This figure also shows that the GDF ENA intensity from the vast area within 70 • around the downwind direction does not change by more than few % for a baseline of 2 × 10 au. This holds true for any other combination of vantage points on an orbit at 10 au heliocentric distance.
The parallax effects on ENA intensities are non-detectable towards downwind either in the case of the small ellipsoid heliopause. This implies that the heliosheath dimensions in downwind direction can only be determined directly by ENA imaging if a spacecraft goes for heliocentric distances well beyond Saturn.
Escape orbits
The optimum trajectory of a future interstellar ENA imager must reach a compromise between reaching the heliopause within a reasonable time, imaging the hitherto unknown downwind regions, and being able to separate the Ribbon ENAs from the GDF from the heliosheath. The trajectory should offer viewing angles rather perpendicular to both the symmetry axis of the heliosphere and to the Sun-Ribbon center line. For some longitudes, the maximum Ribbon ENA emissions will strongly overlap with those from the GDF around the plasma boundaries, which would complicate interpretation of both ENA sources. This is illustrated by the comparison of the ENA maps (Fig. 8) is sufficient to make ENAs of the same energy a useful tracer to image the full extent of the heliopause. The same holds true for ENAs with energies much higher than 10 keV. However, for a downwind trajectory (case 2e, ϕ = 180 • , ϑ = 0 • , left column in Fig. 9 ) even such basic differences in heliosphere shape would be difficult to spot. In addition, 400 au distance towards downwind direction would not even be sufficient to cross the heliopause even if the real heliosphere resembles the small ellipsoid. A trajectory towards the nose obviously does not share this drawback, but some different heliosphere shapes are impossible to distinguish from the helionose (scenario 2a) and may still be difficult to distinguish for 2b (cf. top left versus middle left plots in Fig. 9 ).
From Figs. 8 and 9 , trajectories similar to 2b or 2c appear to offer the most rewarding vantage points for ENA imaging of the heliosphere. Trajectory 2b would also offer the opportunity to sample the plasma populations of the Ribbon region in-situ, but has less of a novelty value because it is closer to the trajectories of Voyager 1 and 2. Moreover, the heliosphere to the nose direction can be constrained more easily than any other region with ENA observations from the inner solar system (see previous section). Trajectory 2c would offer a better look at the vast downwind regions of the heliosphere in ENA emissions, but reaching the heliopause would take longer and ISN measurements would become more difficult compared to 2b.
Leaving the ecliptic plane (tested for trajectory 2d with ϑ = 30 • ) changes the apparent position of the Ribbon and the plasma boundaries. However, these predicted ENA images do not sufficiently differ from the images closer to the ecliptic at the same longitude to justify the effort of reaching higher ecliptic latitudes and the potential loss of science opportunities related to Kuiper Belt Objects close to the ecliptic plane.
We finish this section by showing a series of consecutive ENA maps for 1 keV (Fig. 10) predicted for a spacecraft leaving the solar system towards the flank of the heliosphere (trajectory 2b, ϕ = 45 • , ϑ = 0 • ). The ENA imager is looking back to the Sun while 
Conclusions
We have designed a simple empirical model of heliospheric protons and neutral hydrogen to predict images of ENA intensities for a virtual observer inside or outside the heliosphere. The proton distributions are scaled so as to reproduce the known heliospheric ENA intensities observed close to 1 au. The neutral hydrogen is modeled as a static density, trajectories of interstellar neutrals throughout the heliosphere are not included yet. We chose this empirical approach to be able to easily visualize geometrical effects on heliospheric ENAs for any virtual position and for various heliosphere shapes.
Based on this empirical model and our experience from previous heliospheric ENA imaging missions, some general recommendation for angular resolution and sensitivity of ENA instrumentation have been derived. All ENA energies from 10 eV to 100 keV have their own merits to characterize the heliospheric plasma. This wide energy range necessitates two to three different ENA instruments. Given the uncertainties about the low-energy end of the heliospheric ENA spectrum and its relevance for heliosheath properties, a new heliosphere mission should attempt to image ENAs down to 10 eV.
For an ENA instrument on a spacecraft orbiting the Sun, the heliocentric distance should be at least 3 au to make use of parallax effects. For an ENA instrument on an interstellar probe, a radial escape trajectory through the flank regions of the heliosphere is preferable to central upwind or central downwind direction to image the global shape of the heliosphere. heliospheric shape assumed here is the large ellipsoid, the color scale for ENA intensity is identical across all plots (red pixels designate ENA intensities j ≥ 500 cm −2 sr −1 s −1 keV −1 ).
